Abstract-A tunable planar bandpass filter based on a technique that utilizes a half mode substrate integrated waveguide (HMSIW) and novel inter-resonator coupling is presented. The tunable HMSIW based bandpass filter is implemented using two half triangle shaped cavities coupled together through inter-resonator coupling forming half mode bowtie shaped structure. The bowtie-shaped filter exhibits similar performance as found in rectangle-and circle-shaped SIW based bandpass filters. This concept reduces the circuit foot print, and miniaturization high quality factor is maintained by the structure. The tunable filter utilizes packaged RF MEMS switches; switching between different configurations of switches achieves four distinctive frequency states between 4.8-5.3 GHz. The filter maintains a constant absolute 1 dB bandwidth of 100 ± 10 MHz for all frequency states.
INTRODUCTION
Filters have received particular attention with the advent of various wireless systems, and interest has dramatically increased with the introduction and development of new millimeter waves applications over the past decade. Various applications have been recently proposed including wireless local area networks [1] , radars [2] , intelligent transportation systems [3] and imaging sensors [4] . Efficient filters demand has also increased with the development of chip-sets operating at 60 GHz or even higher frequencies by a number of semiconductor industries [5] .
Filters based on Substrate Integrated Waveguide (SIW) structures are achieved through incorporating the rectangular waveguide structure into the microstrip substrate [6] . SIWs are dielectric filled and are formed from the substrate material utilizing two rows of conducting vias connecting bottom and top metal plates. These vias are embedded in dielectric filled substrate, hence providing easy combination with other planar circuits and reduction in size. The size reduction along with involving dielectric filled substrate instead of air-filled reduces quality factor (Q), but the entire circuitry including waveguide and microstrip transitions can be realized by using printed circuit board (PCB) technology or other techniques, such as LCP [7] and LTCC [8] .
Circular and rectangular cavities have been due to the design methodologies adopted based on air filled waveguides. Various SIW filters structures have been proposed in the literature; however there still exists a need to further miniaturize the structure. Furthermore, the cavities are only in either circular or rectangular shape; therefore, a triangle-shaped cavity will reduce the circuit footprint. In this paper, triangle-shaped waveguide is proposed for its ability to miniaturize the cavity size.
Hong et al. in 2006 proposed a half-mode substrate integrated waveguide (HMSIW) concept which can reduce the size of SIW components by half [9] . Performances at microwave and millimeter wave bands show that its attenuation is less than that of planar microstrip and SIW. Thus, further compression can be brought to the size of a microwave or millimeter wave integrated circuit based on these wave structures.
The structure of an SIW and HMSIW and the dominant modes are shown in Figure 1 . An HMSIW is obtained through placement of an open circuit along the symmetric plane in the transmission direction, thus half of the SIW will keep the half-field distribution unchanged if cutting plane is a Magnetic Wall (MW). The open side aperture of the HMSIW is nearly equivalent to a perfect MW due the high ratio of width to height, and it has been shown that HMSIW retains low loss characteristics obtained through SIW structures.
In this paper, a bowtie-shaped HMSIW resonator based bandpass filter is presented. This resonator structure is a miniaturized form of SIW cavity and exhibits similar low-loss and high quality characteristics as found in its other counterparts. The bowtie-shaped HMSIW bandpass filter is designed into a tunable filter, utilizing additional inductive via posts connecting/disconnecting the bowtie-shaped HMSIW resonators with onboard RF MEMS switches. A total of four distinctive frequency states between 4.8 and 5.3 GHz are achieved for the designed tunable bandpass filter, and the filter has onboard bias circuitry to actuate the RF MEMS switches. In addition, detailed design steps and coupling mechanisms are discussed. The proposed filter is compact and suitable for integration with planar devices, and its small footprint area allows other devices to be easily integrated on a single board.
HALF MODE BOWTIE SHAPED SIW RESONATOR DESIGN
The SIW and HMSIW resonators and their electric field distributions are shown in Figure 1 . The width W Length L of the SIW resonator along with the diameter of vias d and separation between two vias s control the resonance frequency, whereas in the case of HMSIW, the resonator width is reduced to half of the width of a SIW resonator denoted as W/2.
The design and implementation of HMSIW filters follow the same design principles of an SIW resonator structure. The most common technique is to form the SIW cavity through metallic sidewalls [10] as shown in Figure 1(a) . A dielectric substrate having width of h forms the resonator, and the resonator is of length L. The bottom and top of the resonator are constructed through placing metallic plates and conducting posts/vias going through the substrate connects the top and bottom plates, hence forming the sidewalls of the cavity. The choice of diameter and separation between the two vias forms the basis of the SIW filters, which, therefore, should be selected in a manner that minimum radiation loss is exhibited.
The Dealandes and Wu [10] study reveals two primary design rules for SIW structures as given in (1); these rules are followed in order to ensure same design and modeling methodology adopted for rectangular waveguides. These rules pertain to the diameter d of the via posts and the via post spacing s:
In our design, d and s are chosen to be 0.8 mm and 2 mm, respectively. These values ensure less radiation loss, and the SIW cavity acts closely to a rectangular waveguide. For the TE 101 mode, the dimensions of the SIW resonator structure are calculated by using the relation in Eq. (3).
The notations W eff and L eff denote effective width and length of the SIW resonator, respectively:
where W and L are the real width and length of the SIW resonator, and c is the velocity of light in free space. In this design, the width and length of the triangular resonator structure is computed using Eqs. (3) and (4) as shown in Figure 1 . Utilizing this method, the cavity is designed for the specifications laid out in Table 1 . The triangle-shaped resonator and subsequent bowtie-shaped two-pole filter are designed using Roger RT/Duriod 5880 material substrate having dielectric constant of 2.2 and substrate height of 787 µm. Theoretically, the resonance frequency does not depend on the thickness of the substrate. However, it has been observed in literature that it does play a role on the loss (mainly on radiation loss). The thicker the substrate is, the lower the loss or higher Q is. It has been shown that a slight increase or decrease in the substrate thickness changes the unloaded quality factor.
Novel Inter-Resonator and Input-Output Coupling
The two-pole bandpass HMSIW filter is accomplished by means of coupling two half-mode triangular resonators designed for a specific resonant mode. The inter-resonator coupling design methodology closely resembles conventional simulation-based microstrip filters design. In this novel coupling, three individual resonant lengths are placed as inter-resonator coupling lengths used to couple the two resonators as shown in Figure 2 . The RF input and output microstrip-to-SIW transitions attached to the two single cavity resonators provide the RF input and output coupling, the corresponding dimensions of both the couplings are listed in Table 2 . The inter-resonator coupling and input-output couplings for the two-pole bandpass filter depicted in Figure 2 are computed based on the external quality factor and coupling coefficients from Eq. (5); these derived expressions are based on lowpass prototype parameters [11] , where FBW is the fractional bandwidth, and g 0 , g 1 , g 2 , g 3 are the Chebyshev lowpass prototype values used to calculate the external quality factors Q e1 and Q e2 , and mutual coupling coefficient denoted as M 1,2 . The mutual coupling coefficient M 1,2 computed based on second order Chebyshev response prototype parameters is compared with simulated one obtained through weak coupling, whereas the theoretical external coupling coefficient's values are then compared with the external quality factor obtained through simulations based on expression given in Eq. (6) .
The inter-resonator dimensions are primarily dependent on three parameters: the coupling opening length denoted as L c , the coupling opening width W c , and the spacing among three resonant lengths given as a 1 , b 1 and C 1 . For 0.01 dB passband ripples and fractional bandwidth of 0.05 as listed in Table 1 , expression (5) results in values of M 1,2 = 0.116 and Q e1 = Q e2 = 8.97. Consequently, the widths of L c and W c , and separation among three resonant lengths are selected from closely matched coupling coefficient values based on the external quality factor in Eq. (6) . The values obtained through various combinations of the dimensions are depicted in Figure 3 . The microstrip to SIW transitions at the input and output ports are of width T w , and the dimensions of the feed lines are computed through transmission line calculator. However, the input and output coupling openings denoted as I c are selected as a result of comparison of the simulated extracted external quality factors computed through Eq. (6) and external quality factors calculated on basis of theoretical LPF prototype parameters as given in Eq. (5) . These values are then compared to the simulated extracted external quality factors and coupling coefficients for a particular cavity geometry. Iterations and adjustments to the dimensions of the coupling areas of the filter are performed until the calculated values match the extracted values from full-wave simulation, providing the desired filter. All the finalized dimensions of the filter are listed in Table 2 , whereas the resulting bandpass filter is fabricated to validate the simulated design and measure the performance. The fabricated filter is shown in Figure 4 . 
Tunable Structure and Bias Circuitry
The HMSIW is tuned through connecting/disconnecting inductive via posts using RF MEMS switches. The tuning network as shown in Figure 5 is composed of four vias, and each via is connected through a section of transmission line to the HMSIW resonator. On the other hand, a Single Pole Dual Throw (SPDT) RADANT RMSW221 RF MEMS switch is attached to two transmission lines connecting each HMSIW resonator [12] . The four switches (S1, . . ., S4) configurations as listed in Table 3 are used to yield four distinctive frequency states. The Source (S) to Load (L) tuning network comprises four distinct inductors employed through connecting short sections of transmission line in series with vias, these added inductances are switchable through RF MEMS switches S1 to S4. The design of the tunable filter is achieved through two tuning branches with switchable vias connected to each resonator. Consequently, switching on/off the two SPDT RF MEMS switches connects/disconnects each transmission line with via from the HMSIW resonator, hence adding inductance to the resonator shifts the frequency. The dimensions of all the tuning network elements and distance from S and L are depicted in Figure 5 . The implementation of the tunable HMSIW resonator based bandpass filter along with the operational diagram of the RF MEMS switches actuated through the onboard bias circuitry is shown in Figure 6 . The proposed tuning structure is attached to the open end of the bowtie shaped HMSIW structure. The positioning of the transmission lines and vias together with the RF MEMS is selected so that maximum tuning is achievable. The transmission lines, vias, and RF MEMS switches operation are all simulated and optimized using HFSS, and the resonator layout with the placement of RF MEMS switches is also optimized to meet tuning specifications. The optimization is such that equally-spaced resonant frequencies are obtained using various combinations of the switches, and the s-parameters of the RF MEMS switches in both the up and down states are considered during optimization.
As depicted in Figure 6 , both the RF MEMS SPDT switches are composed of two separate gates and drains, whereas a common source is used to connect/disconnect transmission lines with the inductive via posts. An on state of the switch refers to connecting the transmission line to the via, whereas the off state refers to disconnecting the via post from the resonator. The states are selected in a way that the highest frequency is achieved when all the vias are connected, and the lowest frequency is when all are in the off state. Although 16(4 2 ) configurations can be achieved by the combination of the switches, only four distinct frequency states were achieved through full-wave simulations in HFSS.
The onboard bias circuitry has switches placed on pads created on top of the board beneath the resonators; the pads are wire-bonded to the gate, drain and source of the RF MEMS switches. Each gate of the RF MEMS switch is actuated by applying a voltage of 90 V, while GND is connected through 100 Kohm resistors to the drain and source of the switch. The bias lines of 0.5 mm thickness with spacing of 1.5 mm are placed on the board to actuate the RF MEMS switches. Figure 6 . Functionality of the bowtie shaped tunable two pole HMSIW bandpass filter.
RESULTS AND DISCUSSIONS
The simulations to obtain the filter responses from the designed structures are conducted using ANSYS High Frequency Structure Simulator (HFSS). In addition, Agilent Vector Network Analyzer (VNA) is utilized for the measurements of the fabricated filters.
The static bowtie-shaped HMSIW bandpass filter is designed by the specifications shown in Table 1 , and its corresponding design structure displayed in Figure 2 is realized with the fabricated unit displayed in Figure 4 and responses shown in Figure 7 . The simulated S 21 and S 11 response of the bowtie shaped bandpass filter shown in Figure 7 (a) reveals that the S 11 value at the center frequency of 4.8 GHz is less than −20 dB, whereas the S 21 response is greater than −2 dB, and the passband bandwidth at −3 dB is greater than 250 MHz. On the other hand, the measured S 21 response at the center frequency of 4.8 GHz is better than −2.7 dB, and its corresponding S 11 response at the center frequency is less than −15 dB, as depicted in Figure 7(b) . However, the passband bandwidth at 3 dB is greater than 200 MHz. GHz occur when at both the resonators with exactly the same distances the transmission lines are connected to their respective vias, i.e., switches (S2, S3) and (S1, S4) are connected. However, when all the switches are kept open, the tunable filter resonates at the frequency of 4.85 GHz. The simulated insertion and return losses are better than −2.6 dB and 38 dB, respectively, for all states. The passband bandwidth at 3 dB and 1 dB for all the frequency states is observed to be greater than 250 MHz and 150 MHz, respectively.
The measured insertion and return losses of the bowtie-shaped HMSIW tunable filter for all the four frequency states are shown in Figure 8 (b). The measured absolute 1 dB and 3 dB bandwidths for all the frequency states vary between 100±10 MHz and 175±25 MHz, respectively. The measured return losses, midband insertion losses, absolute 1 dB and 3 dB bandwidths in terms of frequency states achieved are listed in Table 4 . The measured responses show similar trends in terms of frequency tuning between the four tuning states modes as observed in the simulated responses. It can be observed that as the frequency increases with respect to number of switches that are closed, the insertion loss also decreases due to added resistances of the closed RF MEMS switches. A notable difference has been observed in the simulated and measured bandwidths; the measured bandwidths are narrower than the bandwidths achieved through simulations, hence presenting better quality factor in terms of the bandwidths. The wideband response of the tunable filter for all tuning states is shown in Figure 9 , and a stopband rejection greater than 20 dB can be observed from 5.4 to 6.2 GHz. The first spurious resonances for all the states are further beyond 7.0 GHz. The upper passband produced due to cancellation of the TE 101 and TE 201 modes is distanced enough from the filter passband, hence a pure Chebyshev response is observed as the design is based on Chebyshev LPF prototype parameters. However, the measured insertion losses mainly include the losses due to the wire-bonding of the RF MEMS switches to the copper pads, the gold wire-bonding required added pads of gold on top of the copper pads, hence adding losses to the filter. The additional gold patches and the wire-bonded RF MEMS switches are shown in the fabricated unit displayed in Figure 10 . 
CONCLUSION
A tunable half-mode bowtie-shaped bandpass filter based on RF MEMS switches utilizing triangular structure HMSIW is proposed in this paper. The filter exhibits good performance, and a miniaturized version of the SIW structure is exploited in the design process. The tunable filter is unique in terms of the tuning mechanism and the coupling between the HMSIW resonators. The RF MEMS switchable bandpass filter is designed, simulated and fabricated. The measured filter response shows four distinct frequency states between 4.85 to 5.3 GHz at constant intervals of 0.15 GHz with a nearly constant 3 dB bandwidth of 175 ± 25 MHz. The simple structure of the filter allows easy integration with planar circuits and devices.
